Abstract-Acoustic radiation force impulse (ARFI) imaging characterizes the mechanical properties of tissue by measuring displacement resulting from applied ultrasonic radiation force. In this paper, we describe the current status of ARFI imaging for lower-limb vascular applications and present results from both tissue-mimicking phantoms and in vivo experiments. Initial experiments were performed on vascular phantoms constructed with polyvinyl alcohol for basic evaluation of the modality. Multilayer vessels and vessels with compliant occlusions of varying plaque load were evaluated with ARFI imaging techniques. Phantom layers and plaque are well resolved in the ARFI images, with higher contrast than B-mode, demonstrating the ability of ARFI imaging to identify regions of different mechanical properties. Healthy human subjects and those with diagnosed lower-limb peripheral arterial disease were imaged. Proximal and distal vascular walls are well visualized in ARFI images, with higher mean contrast than corresponding B-mode images. ARFI images reveal information not observed by conventional ultrasound and lend confidence to the feasibility of using ARFI imaging during lower-limb vascular workup.
I. Introduction c ardiovascular disease (cVd) is one of the leading causes of morbidity and mortality in the United states [1] . Estimates suggest that 79 400 000 american adults (1 in 3) have one or more forms of cVd, and the disease is responsible for approximately 871 500 deaths annually [1] . Three-quarters of cVd mortality are attributable to atherosclerosis. This process involves the narrowing of the arteries caused by the buildup of plaque (fat, cholesterol, calcium) on the interior of arteries. over time, atherosclerotic plaque can grow large enough to restrict blood flow through the vessel, and the disease forms the etiological basis for coronary artery disease [2] , [3] , renal failure [4] , [5] , stroke [6] , and peripheral arterial disease (Pad) of the lower extremities [7] , [8] .
Pad caused by atherosclerotic occlusions that impair arterial blood flow to the lower extremities is a major health problem. The adjusted prevalence of lower-limb Pad is approximately 12 percent, and the disease affects men and women in nearly equal numbers [1] . approximately one-third of subjects with Pad have typical intermittent claudication (Ic), defined as pain in one or both legs during walking that is relieved by rest [9] . Ten percent of Pad cases will require surgical intervention with 1 to 2 percent of cases requiring amputation of the limb. The mortality rate for Pad is similar to breast and colorectal cancer with a 5-year mortality rate of 30% and a 10-year mortality rate of 50% [8] , [10] .
of particular clinical interest with Pad patients is the prevention of acute lower-limb ischemia. acute lower-limb ischemia is sudden arterial occlusion due to trauma, arterial thrombosis or embolism, leading to significant or complete loss of blood flow in the affected artery; the amputation rate for acute lower-limb ischemia is between 10% and 30% [11] . acute lower-limb ischemia can be especially severe in arteries with poor collateral networks, such as the popliteal artery, in which tissue damage can be rapid due to the lack of an alternative blood route. Many acute lower-limb ischemic events are caused by rapid thrombotic occlusion due to plaque rupture [12] . although plaque rupture mechanics are not fully understood, it is currently believed that soft, lipid-core plaques with thin fibrous caps may be more prone to rupture and thrombosis-formation [13] , [14] . as a result, current standards of care are aimed at reducing plaque lipid content (HMG-coa reductase inhibitors, or statins) and decreasing the likelihood of thrombosis [clopidogrel bisulphate, such as Plavix (sanofi-aventis, Bridgewater, nJ), and aspirin]. Imaging modalities that can reliably characterize plaque, especially potentially rupture-prone plaque, may be useful for lowerlimb vascular workup and selection of drug therapy.
common techniques currently used for Pad diagnosis include ankle-brachial index (aBI) measurements, segmented blood pressure recordings, duplex ultrasound, angiography, and cardiovascular magnetic resonance (Mr) imaging. The aBI computes the ratio of dorsalis pedis and posterior tibial arterial systolic pressures to the brachial systolic pressure; aBI values below 0.9 show high sensitivity and specificity for detection of occlusions greater than 50% in major peripheral vessels, with values below 0.4 correlating with increased vascular obstruction and severe ischemia [15] . duplex ultrasound, magnetic resonance angiography (Mra), X-ray angiography, and cardiac Mr provide excellent measurements of luminal diameter, identification of stenosis in the lower extremities [16] , [17] , and, in the case of cardiovascular Mr imaging and duplex ultrasound, additional information regarding plaque composition. Most current clinical approaches to the evaluation of the lower-limb vasculature, however, remain lim-ited to identification of stenosis and luminal reduction, rather than plaque characterization.
For several years, elastography has been used to measure the mechanical properties of vascular tissue directly and provide insight into plaque morphology and vulnerability. Intravascular ultrasound (IVUs) elastography provides high-resolution, cross-sectional images of vascular strain induced by vessel pulsation. regions of low strain in IVUs images have been correlated to calcification in ex vivo experiments [18] , in vitro in coronary and femoral arteries [19] , and in vivo in coronary arteries [20] , [21] . More recently, noninvasive vascular elastography has been demonstrated to differentiate mechanical properties in simulation [22] , in vitro and in vivo in the arteries of rats [23] , and in vivo in the human carotid artery [24] , [25] . Estimates of young's modulus can then be computed from these strain maps using a model-based approach [26] , [27] .
atherosclerotic imaging has also been realized through radiation-force-based methods. radiation force results from a transfer of momentum from the propagating ultrasonic wave to the insonifed region and can be described by
where I is the local time-averaged spatial intensity, c is the speed of sound, and α is the material's attenuation coefficient [28] . radiation force has been demonstrated to generate propagating waves within tissue; estimates of vascular stiffness can be derived by measuring the velocity of the propagating wave [29] , [30] . radiation force has also been successfully used in acoustic radiation force impulse (arFI) imaging. Briefly, arFI imaging uses short-duration, high-intensity acoustic pulses to displace tissue away from the transducer using a localized radiation force [31] ; the resulting tissue displacement is estimated using correlation or doppler-based techniques [31] , [32] . arFI displacement images reflect local tissue mechanical properties and have a spatial resolution comparable to B-mode imaging [33] [34] [35] . arFI imaging has previously been demonstrated both in excised arteries [35] , [36] and in vivo in the healthy, carotid artery [35] . In our previous investigation into imaging excised vessels, we found that a region of relative high displacement observed in the arFI image correlated histologically with a lipidcore plaque [35] . We also found that the in vivo healthy carotid artery showed a largely homogeneous response to the arFI-excitation, with displacements significantly lower than the surrounding tissue [35] .
The goal of this study is to evaluate the potential of arFI imaging for lower-limb arterial workup, and to demonstrate the feasibility of arFI imaging for imaging healthy and diseased lower-limb arteries. We first describe the adaptation of arFI imaging techniques for visualizing the popliteal artery, an artery that is 2 to 3 cm deeper than the carotid artery and is a common site for plaque formation and acute lower-limb ischemic events. We present phantom experiments evaluating the method's ability to distinguish layers and occlusions of different modulus, including compliant occlusions mimicking a soft lipid-pool plaque. Finally, we present preliminary results from an observational pilot study in which both healthy subjects and patients diagnosed with Pad are imaged using arFI imaging techniques. To the best of our knowledge, this study presents the first in vivo arFI images of both healthy and diseased lower-limb arteries in humans.
II. Methods

A. ARFI Imaging Methods
arFI imaging was implemented on a siemens (siemens Medical solutions, Usa, Ultrasound division, Issaquah, Wa) sonolInE antares ultrasound scanner using the VF7-3 hand-held transducer. Briefly, an arFI imaging sequence consists of 1 or 2 a-line (reference) pulses acquired at a given location, followed by an extended-duration (excitation) pulse at the same location that displaces tissue a small amount (1 to 10 μm). Following the pushing pulse, an ensemble of a-line (tracking) pulses is acquired at the same location to estimate arFI-induced motion. a 2-d arFI image is then formed by repeating this sequence laterally over a given region-of-interest.
arFI imaging techniques described previously in [35] , [37] were modified to facilitate deep vascular imaging. In our prior work [35] , pulse durations of 28 μs (7.2 MHz) were used to generate radiation force in vivo in a healthy carotid artery, at an imaging depth of 8 mm from the skin surface. Because the popliteal artery is significantly deeper than the carotid artery (2-3 cm deeper), the excitation pulse-duration was increased to 71 μs, and the excitation transmit frequency lowered to 4.2 MHz to increase the applied radiation force at depth. For popliteal arteries located more than 35 mm from the skin surface, the excitation-pulse duration was increased to 140 μs. a frequency of 7.2 MHz was used in tracking pulses to increase spatial resolution and displacement estimation during tracking.
Prior to data acquisition, the axial imaging focus was adjusted to match the location of the vascular wall; the proximal and distal arterial walls were interrogated separately. The response of each vascular wall to the excitation pulse was observed for approximately 6 ms using a pulse repetition frequency of 9.4 kHz. Two-dimensional arFI images were formed by electronically translating the aperture 0.5 mm to 1.2 mm across a 14 mm to 28 mm lateral field of view. For each arFI image acquired, a B-mode image was acquired immediately before the arFI image to provide anatomical reference and to help correlate features revealed by arFI with structure observed in the B-mode image.
For in vivo imaging, 2 techniques were used to minimize artifacts from motion external to the applied radiation force. First, clinical sequences were synchronized to vessel diastole to limit artifacts from vessel pulsation. second, acquisition time for clinical sequences was reduced using parallel-receive beamforming techniques described previously in [37] . Parallel-receive arFI imaging allows for the simultaneous tracking of 4 locations for every excitation pulse transmitted [37] . With conventional arFI imaging, approximately 400 ms are required to interrogate a 28 mm field-of-view with 80 excitation beams. Using parallel techniques, the same region can be interrogated with 20 excitation beams in approximately 110 ms. Experience has demonstrated that an approximately 300 ms window exists between the qrs complex and the onset of vessel systole in the popliteal artery. shortening the acquisition time with parallel-receive arFI imaging reduces tissue heating and the likelihood of artifacts from vascular and patient motion.
B. ARFI Image Processing and Display
displacements were computed by correlating the reference pulse with sequentially acquired tracking pulses transmitted after the radiation force excitation pulse. a phase-shift estimator algorithm [38] was used to compute displacements quickly and provide feedback during experimentation. data were then processed offline using normalized cross-correlation, which improves tracking performance at the expense of increased computational time [39] . linear motion filters were applied to the processed data to reduce artifacts resulting from physiological and transducer motion [32] . The data are then spatially median filtered using a 0.5 mm (axial) × 0.5 mm (lateral) kernel. The resulting arFI images reflect the displacement of tissue away from the transducer, with white pixels indicating greater displacement.
displacements within the lumen were masked using a temporal variance filter because information within the lumen is reflective of radiation-force-induced fluid streaming and blood flow [35] , rather than the mechanical properties of vascular tissue. Briefly, the temporal variance filter computes the displacement variance during the last 0.8 ms of tracking, approximately 6 ms after cessation of radiation force. Previous work has demonstrated that tissue displaced from radiation force has largely recovered 5 ms after application of radiation force [32] , [40] ; relatively low values in temporal variance are expected within tissue following recovery from the applied radiation force. In comparison, displacements within the lumen show a high variance due to fluid streaming, blood flow, and poor correlation. a threshold is then used to select the variance magnitude for masking.
C. Phantom Construction
Tissue-mimicking phantoms were constructed for basic evaluation of the method. all phantoms were made using polyvinyl-alcohol cryogel (PVa-c), a material that has shown to be well suited for vascular modeling in MrI and ultrasound applications [41] [42] [43] [44] . PVa-c has several properties that make it attractive for vascular modeling: it is nontoxic, able to withstand physiological relevant pressures, and has mechanical properties that can be adjusted during construction [41] . PVa-c rigidity can be modified by increasing the number of freeze-thaw cycles or adjusting the thaw rate [41] , [44] . The PVa-c mixture was prepared by dissolving 15 g of polyvinyl-alcohol into 200 ml of water heated to 85°c, and then mixing in graphite powder (4 to 8 μm, superior Graphite, chicago, Il) at a 6% by weight concentration to form a scattering medium.
Three vessel types were modeled using PVa-c: homogeneous cylinder phantoms to estimate cryogel modulus, a bi-layer vessel to evaluate layer resolution and contrast, and compliant-plaque phantoms to evaluate the modality's ability to discriminate a softer material (representing a potential lipid-pool, thrombosis-prone plaque) from a stiffer vascular wall, and also to assess the spatial uniformity of the arFI-induced response for varying plaque loads. For modulus testing, 4 homogeneous cylinder phantoms were constructed using 5 freeze-thaw cycles, 4 freezethaw cycles, 3 freeze-thaw cycles, and 2 freeze-thaw cycles. The outer and inner diameters of the modulus-test phantoms were 7 mm and 11 mm, respectively. The bi-layer phantom consisted of a 0.8 mm-thick outer wall and a 2.2 mm-thick inner wall constructed with 5 freeze-thaw cycles and 3 freeze-thaw cycles, respectively.
To evaluate performance as a function of plaque size, compliant-plaque phantoms were made with occlusion sizes of 12%, 44%, and 80% diameter stenosis to model increasing plaque load. For the compliant-plaque phantoms, a 3 mm homogeneous wall of 5 freeze-thaw cycles was constructed with embedded plaques made using 2 freeze-thaw cycles. a freeze-thaw cycle consisted of 12 h of freezing at −18°c and 12 h of thawing in a water bath at 23°c.
D. Measurement of Cryogel Modulus
The PVa-c modulus was determined by pressure-diameter tests of the 4 homogeneous phantoms. Fig. 1 shows a schematic of the measurement system. Each phantom was mounted in a closed-loop pressure system and then pressurized with a gravity head. changes in internal pressure (1) is controlled with a pressure regulator (2) and is used to drive the gravity head (3) that hydrostatically pressurizes mounted vessels. Phantoms (4) are mounted in a water tank (5) and imaged with a transducer mounted on a translation stage (6) . Internal vessel pressure is recorded with a Millar pressure catheter and display (7) .
inside the vessel were measured using a Millar pressure catheter (Millar Instruments, Houston, TX). changes in external phantom diameter were measured using conventional ultrasound (10 MHz). diameter change was then plotted as a function of pressure. The young's modulus for each sample, Ey, was estimated using linear elasticity theory [45] : 
E. Phantom Imaging Protocol
Phantoms were mounted in the closed-loop pressure system shown in Fig. 1 , pressurized to 16 kPa, and imaged using conventional B-mode and arFI imaging. Bmode and arFI images were then analyzed qualitatively to evaluate the visualization of plaque and layer boundaries and quantitatively to compare plaque contrast between the 2 modalities.
Plaque contrast was computed from log-compressed, envelope-detected B-mode data and raw arFI-induced displacement data with the phantoms imaged lengthwise. contrast was calculated between selected regionsof-interest (roIs) inside the plaque and in the adjacent wall outside the plaque. selected roIs inside and outside the plaque were identical in size and shape, and the same roIs were used for both B-mode and arFI imaging data. contrast was then computed using the following equation:
where P o and P b are the mean arFI and B-mode pixel values inside and outside the plaque. arFI-induced displacement values were then compared with measured cryogel moduli to determine the accuracy of using arFI-induced displacement as a surrogate measurement of material stiffness. Mean arFI-induced displacements and standard deviations were calculated for each phantom to evaluate spatial-uniformity.
F. Patient Population and In Vivo Imaging Protocol
In an ongoing study approved by the duke University Institutional review Board, in vivo data were acquired from the left and right popliteal arteries of 8 healthy, normal volunteers (5 male, 3 female, mean age 48, range 40-58) and 10 patients (7 male, 3 female, mean age 57, range 45-74) currently undergoing treatment for lowerlimb peripheral arterial disease. all subjects gave informed consent as outlined by the duke University Institutional review Board. In some cases, results were only collected for one artery due to protocol time constraints. a registered vascular sonographer obtained ankle-brachial systolic pressures according to a standardized protocol. Blood pressure cuffs were applied to both arms and both ankles, and systolic pressure was recorded from the brachial artery of each arm, the posterior tibial artery, and the dorsalis pedis of each leg using an 8 MHz doppler pen probe. The aBI was computed by dividing the systolic pressure in the posterior tibial artery and the systolic pressure in the dorsalis pedis artery by the highest of the 2 brachial systolic pressures. The lowest aBI value between the tibial artery and the dorsalis pedis is reported for each leg. subjects were scanned in the prone position, using a siemens VF7-3 transducer (siemens Medical solutions, Usa) oriented to provide a longitudinal view of the popliteal artery. The popliteal artery was located by the sonographer using duplex ultrasound and the poplitealtibial bifurcation as a landmark. B-mode and arFI imaging data were then collected from the proximal and distal popliteal walls in both legs using diastolic electrocardiogram (EcG) gating. To assess the potential impact of vascular physiological motion on arFI imaging data, rF data were acquired using tracking-pulse-only sequences. Plaque observed in the B-mode image was annotated by the sonographer to facilitate comparison between the Bmode and arFI displacement image.
arFI images were analyzed qualitatively to assess vascular boundary definition and resolution of disease. Vascular image quality was also assessed by calculating image contrast between vascular tissue and the tissue immediately above or below the wall. roIs were selected within an identifiable intima-media region on the B-mode image, while blinded to the arFI image. Vascular roIs were selected to contain as much as the intima-media as possible, while still remaining within the borders of the vessel. selected roIs outside the intima-media were identical in shape and size as those selected within the artery and were located either immediately above the vascular wall roI (for proximal walls) or immediately below the vascular wall roI (for distal walls). The same roIs were used in both B-mode and arFI images. contrast was computed from mean displacements occurring 0.7 ms following force cessation using the formula described in (3).
G. Thermal and Mechanical Safety
Because arFI imaging uses high-intensity, long-duration excitation pulses, heating and mechanical effects associated with arFI imaging sequences are potentially nontrivial. Heating effects associated with arFI imaging have been described extensively in earlier reports [46] , [47] . For sequences used in this study, a simulation of tissue heating was performed using a previously validated tissue-heating model [46] , [47] . Maximum heating associated with the described sequences was determined to be 0.38°c in tissue. Peak in vivo heating is expected to be significantly lower due to perfusion.
Excitation pulses used in this study have high mechanical indices (MI), ranging from 1.5 to 2.3, which is slightly above the Fda-recommended limit of 1.9 for diagnostic imaging [48] . no contrast agents are used with arFI imaging, and unlike lung or intestinal tissue, thigh muscle and thigh vasculature are not expected to contain gas microbubbles. risk of cavitation in vivo is expected to be much lower due to the relatively high attenuation found in muscle (0.7-2.5 dB/cm/MHz) and fat (0.6 dB/cm/MHz), the 2 dominant tissue types found in the thigh [49] [50] [51] . Fig. 2 shows the measured pressure data plotted as a function of the change in external diameter for the 4 homogeneous phantoms. From (2), the estimated young's moduli are 19.7 ± 1.8 kPa, 36.9 ± 1.1 kPa, 51.3 ± 7.0 kPa, and 121.8 ± 12.9 kPa for the 2-cycle, 3-cycle, 4-cycle, and 5-cycle phantoms. Fig. 3 shows reference B-mode (a) and arFI (b) images of the bilayer phantom mounted lengthwise and pressurized to 16 kPa. Fig. 3(b) shows the measured arFIinduced displacement 0.5 ms after force cessation with the tracking and excitation beam focus set to the distal wall. Thin regions of high displacement are observed in the outer sections of the proximal and distal walls, corresponding to the more compliant, 3-cycle outer layer. For the proximal wall, the mean arFI displacement in the outer layer is 4.6 ± 0.7 μm while the mean arFI displacement in the inner layer is 3.3 ± 0.3 μm, suggesting a stiffness ratio of approximately 1.4:1. For the distal wall, the mean arFIinduced displacement in the outer layer is 7.0 ± 0.8 μm while the mean arFI displacement in the inner layer is 4.9 ± 0.4 μm, suggesting a stiffness ratio of approximately 1.4:1. displacements are slightly larger in the distal wall due to the increased radiation force from focusing the excitation beam on the distal wall. The expected modulus ratio based on pressure-diameter testing is 121.8 kPa : 36.9 kPa, or 3:1. Fig. 3(c) plots the lateral average of the displacement data as a function of depth from the same data set, revealing that good spatial registration exists between the layers revealed in the arFI displacement image and the actual layers of the constructed phantom. The arFI images suggest an average outer proximal wall thickness of 0.9 mm and an average outer distal wall thickness of 1.0 mm, which compares favorably to the 0.8 mm wall thickness specified in the phantom. The inner proximal wall thickness (1.9 mm) and distal wall thickness (2.0 mm) also appear to compare favorably to the 2.2 mm layer thickness specified in the phantom. Fig. 4 shows cross-sectional (left-side) and lengthwise (right-side) B-mode and arFI displacement images (0.5 ms following force cessation) for the 3 occlusion phantoms. For all 3 occlusion phantoms, the compliant plaque section (19.7 kPa) displaces approximately 3 times more than the stiffer wall (121.8 kPa). Wall-plaque boundaries are well defined in both cross-sectional and lengthwise arFI images, but they are poorly visualized in the matched B-mode images. Mean plaque displacement values from the lengthwise scans were computed to be 11.5 ± 2.8 μm, 9.2 ± 2.3 μm, and 9.4 ± 1.6 μm for the 12%, 44%, and 80% occlusion phantoms. Mean wall displacement from the lengthwise scans was computed to be 2.7 ± 0.3 μm, 2.8 ± 0.4 μm, and 3.4 ± 0.7 μm. Mean arFI imaging plaque contrast for the 3 phantoms was found to be 10.5 dB (range 8.9 dB to 12.6 dB), a significant improvement over the 1.2 dB (range 0.5 dB to 1.7 dB) observed in the B-mode images.
III. results
A. Measurement of Cryogel Modulus
B. Cryogel Phantom Results
C. In Vivo Results
Tables I (8 normal subjects, 12 popliteal arteries) and II (10 patients, 17 popliteal arteries) show aBI measurements, mean proximal and distal arFI-induced displacements, and calculated arFI and B-mode imaging contrasts for the proximal and distal vascular walls. Mean aBI was found to be significantly lower (P < 0.01) for the patient population (mean = 0.90, range 0.48-1.16) than the normal population (mean = 1.18, range 0.93-1.36). aBI values below 0.9 are associated with lower-limb vascular disease. approximately half of the lower limbs (n = 8) examined from the patient group had an aBI below 0.9. no lower limbs from the normal group were found to have an aBI below 0.9.
no statistical difference was found between the normal and patient group for mean proximal and distal arFI imaging displacement. Both proximal wall and distal wall arFI imaging contrast were found to be significantly higher than the contrast calculated from log-compressed B-mode. Mean arFI imaging proximal contrast from the study was found to be 7.9 dB (range 2.2-15.1 dB) a significant improvement (p < 0.01) over the mean contrast calculated from log-compressed B-mode (mean 2.2 dB, range 0.1-8.3 dB). Mean arFI distal wall contrast was found to be slightly lower (mean 5.7 dB, range 0.5-14.8 dB) than the mean arFI proximal wall contrast, but significantly higher (P < 0.05) than the corresponding B-mode contrast (mean 1.8 dB, range 0.4-4.5 dB).
Figs. 5-9 show matched B-mode and arFI images of healthy and diseased popliteal arteries. The B-mode image shows the same field-of-view as the arFI image. When appropriate, regions of disease have been annotated to aid visualization. In the arFI image, vascular walls are observed to have a relatively homogeneous response, with lower displacement (2 μm) than the surrounding tissue (6-8 μm), suggesting that vascular tissue is stiffer than the surrounding muscle and fascia. Excellent contrast is observed between the vascular walls and the surrounding tissue when compared with the B-mode image, and the adventitia-tissue border is well visualized for both proximal and distal walls.
Plaque was observed in 16 arteries in the study, with 12 focal plaques found on the distal wall, and 4 found on the proximal wall. Two plaques were classified as heterogeneous by arFI imaging, having a range of displacements Figure 5 . **right leg of subject shown in Figure 9 . varying from 2 μm to 15 μm. The remaining 14 were found to have a spatially uniform response, with displacements generally ranging from 1 μm to 4 μm. Fig. 6 shows matched B-mode (a) and arFI displacement (b) images of a plaque classified as heterogeneous by arFI imaging. The image is from the left popliteal artery of a 70-year-old male smoker with diagnosed peripheral arterial disease. The aBI for the left leg was measured to be 0.48, indicative of moderate-severe obstruction and ischemia. The patient had previously been treated with femoral-popliteal bypass surgery. The B-mode (a) image suggests a nearly completely occluded artery, composed of regions exhibiting mixed echogenicity and echolucency. The corresponding arFI displacement image (b) reveals a very heterogeneous mixture of displacements within the occlusion (2-12 μm), while the proximal and distal walls exhibit displacements that are both homogeneous and smaller (2-3 μm) than the displacements observed within the occlusion. note in particular the area marked by a diamond on the B-mode image (a), in which a corresponding region of high displacement (8-12 μm) is observed in the arFI image (b), suggesting a relatively compliant section within the plaque. Fig. 7 shows B-mode (a) and arFI displacement (b) images from the right popliteal artery of the same subject as in Fig. 6 . The aBI was measured to be 1.04, nonindicative of disease. Plaque is observed on the distal wall, while wall thickening is observed on the proximal wall. The corresponding arFI image (b) reveals a section of low displacement within the distal wall plaque (4-5 μm), a small band containing slightly higher displacements (6 μm) immediately below, and finally a region of relatively high displacements below both the band and the plaque. The proximal wall is observed to have largely uniform displacements, with high contrast observed between the thickened wall, and relatively more compliant tissue observed above the wall. comparison of the arFI displacement image (b) to the matched B-mode image (a) suggests that the narrow displacement band observed distally correlates spatially to the narrow line of slightly hyperechoic tissue marked by the white arrow in the B-mode image, possibly representing a more compliant media-adventitia layer below a stiffer, homogeneous plaque. Fig. 8 shows B-mode (a) and arFI displacement (b) images from the right popliteal artery of a 78-year-old male with diagnosed peripheral arterial disease. The aBI was measured to be 0.78, indicative of mild obstruction. The B-mode (a) image reveals plaque on the proximal wall of the artery, with hyperechoic shadowing observed in the left half of the image (marked by the white arrow), suggesting calcification. In the arFI image (b), the plaque appears to displace uniformly, exhibiting lower displacement than the underlying tissue, suggesting a largely homogeneous plaque. note the well-defined tissue-arterial border and that the arFI image (b) suggests a deeper section of diseased tissue than is visualized within the Bmode image (a). In both images, the distal wall is poorly visualized due to acoustical shadowing from the proximal wall. Fig. 8(c) compares the arFI-induced response in the wall, marked by a diamond in Fig. 8(a) , from a conventional arFI imaging pulse sequence (solid line), and one in which only tracking pulses are used (dotted line). Because vascular motion can be significant during vessel sys- tole, one potential concern was that even with diastolic EcG gating, observed displacements would be heavily influenced by underlying vascular motion. The lack of a tissue response for the tracking-only sequence (dotted line) after motion filtering lends confidence that measured displacements following an excitation pulse are due primarily to the applied radiation force, rather than physiological motion from vessel pulsation. Fig. 9 shows B-mode (a) and arFI displacement (b) images from the left popliteal artery of a 49-year-old male smoker. The aBI was found to be normal for both legs (1.0 for the right leg and 1.30 for the left leg). However, vascular wall thickening and a small occlusion were observed in the distal wall of the popliteal artery and marked by the sonographer in the annotated image (a). The corresponding arFI image reveals relatively uniform displacements within both the diseased distal wall and the proximal wall, with slightly higher displacements observed in the proximal wall. Both walls exhibit low displacement when compared with the region of high displacement observed immediately below the plaque. The small, uniform displacement observed in the arFI-induced response suggests that the plaque is stiff and homogeneous. note that the arFI image (b) suggests a deeper boundary for the distal plaque that is not well visualized in the B-mode image (a).
IV. discussion and conclusion
The arFI images presented in this paper demonstrate the modality's potential for clinical imaging of peripheral arteries, specifically for providing mechanical information not directly observed by conventional ultrasound (Us). The plaque and bi-layer phantom models illustrate that, for isoechogenic structures, arFI imaging can reveal underlying mechanical differences in stiffness not readily apparent in matched B-mode images. results from the bilayer phantom show good agreement between the layer thickness resolved by arFI imaging and the actual layer thickness specified in the phantom. arFI images show a significant increase in layer and plaque contrast when compared with the matching B-mode images.
comparison of arFI-induced displacements to measured cryogel moduli shows that arFI imaging tends to underpredict the exact ratio of mechanical stiffness. For example, the expected modulus ratio between the 2 layers in the bilayer phantom is 121.8 kPa: 36.8 kPa, or 3:1. The measured displacement ratio was found to be 1.4:1 for both the proximal and distal walls. For the compliant plaque phantoms, the expected modulus ratio is 121.8 kPa : 19.7 kPa, or 6:1. The measured displacement ratio was found to be approximately 3:1. This is not an unexpected finding, given that previous reports have found that lateral and elevation shearing underneath the tracking beam point spread function leads to underestimation of the induced displacement and that this underestimation is more severe in more compliant materials [52] . However, precise quantitative displacement estimates are likely not necessary for clinical applications, in which relative discrimination between a very compliant tissue (lipid plaque) and a very stiff tissue (arterial wall) may be sufficient to guide disease management. Improvements in tracking beamforming and transducer design may help increase the accuracy Fig. 6 . acoustic shadowing from the distal-wall plaque has been marked by white arrows. a region of relatively homogeneous displacements is observed in the plaque, with a narrow band of slightly higher displacements immediately below, followed by relatively high displacements observed in the surrounding tissue. The band spatially registers with the band of slightly higher echogenic tissue (marked by the black arrow) in the matched (a) B-mode image. The image suggests a solid, homogeneous plaque with a slightly more compliant media-adventitia layer immediately below. displacements are shown in microns.
of measuring arFI-induced displacements and thus improve contrast between regions of varying stiffness.
arFI imaging results from the plaque phantoms indicate that contrast appears to be maintained with increasing plaque load, with well-defined boundaries observed between plaque and wall for all 3 occlusion sizes. some variability is observed in displacement within the plaque phantoms, particularly for the larger occlusion phantoms where the standard deviation of displacement ranges from 2 to 3 μm. likely, the cryogel used during construction is not perfectly homogeneous with respect to material stiffness. accurate depiction of material property over varying plaque load is important because both plaque size and type may be useful in planning clinical intervention. For example, a small, potentially rupture-prone, lipid-pool plaque may require earlier intervention than a larger, mostly fibrotic plaque. Tables I and II show aBI measurements for both normal and patient groups. aBIs lower than 0.90 have been shown to be a useful screening tool for lower-limb Pad, showing 95% sensitivity and 98% specificity for detecting angiogram-positive Pad [15] . However, aBI does not indicate plaque vulnerability, nor does it necessarily indicate location of disease within the lower-limb vasculature. For example, in this study, plaque was observed in 4 arteries with normal aBI values.
The in vivo results demonstrate that high-quality, highcontrast arFI images can be generated in vivo at both the proximal and distal walls of the popliteal artery. arFI imaging contrast was found to be significantly higher in both walls for both groups than log-compressed B-mode. In general, vascular tissue was found to displace approximately 1 to 3 μm, significantly less than the 4 to 12 μm observed in surrounding tissue. little difference was observed in the study between the mean arFI-induced displacement of the normal group and the mean arFIinduced displacement of the patient group. It is currently unknown what the significance of this observation is given that subject-to-subject variations in tissue attenuation and artery depth make direct comparison of arterial wall displacement difficult at best.
In general, it is observed that tissue-vascular boundaries appear to be well resolved, both for the healthy vascular wall (Fig. 5) , and the diseased wall (Figs. 6-9 ). In particular, arFI displacement images suggest deeper sections of diseased tissue that are not readily visible in the B-mode image (Figs. 8 and 9 ). Vascular delineation is especially important for proximal wall imaging, where acoustical clutter can limit the visibility of the proximal intima-media. In fact, clutter can be observed at the proximal wall in most of the clinical images described in this study. although it is unknown to what degree clutter affects the accuracy of tracking proximal wall displacements for arFI imaging, the well-defined proximal border observed in the corresponding displacement images is encouraging for clinical imaging of the proximal wall and segmentation of vascular boundaries. Fig. 6 demonstrates the ambiguity that can be encountered with conventional Us imaging of atherosclerotic plaque. The matched B-mode image shows an isoechoic plaque with smaller regions of reduced echogenicity. comparison with the arFI displacement image reveals that regions of similar echogenicity observed with conventional Us can exhibit differential response to the applied radiation force. For example, compare the large displacements, indicative of soft tissue, observed in the upper left section of the occlusion (marked by a diamond in the B-mode image), to the smaller displacements observed in a region of similar echogenicity (marked by a circle). arFI imaging results are consistent with a heterogeneous plaque that is more compliant than the vascular walls, with an extremely compliant region in the upper left corner of the occlusion that could possibly indicate lipid pooling. although histological confirmation of plaque morphology is unavailable, the results in this example and the other heterogeneous plaque found in the study were consistent with our previous experiences in excised vessels, in which regions associated with high-relative displacement contained lipid-core plaque [35] .
Previously, it was reported in excised vessels that vascular tissue adjacent to a raised focal plaque displaced sig- ) arFI images from a subject with diagnosed Pad. a hyperechoic plaque is observed on the proximal wall of the popliteal artery with a region of extensive acoustic shadowing immediately below (a, white arrows). The arFI image shows very low displacements within the plaque suggesting a much stiffer structure. note that the proximal boundary of the plaque is well resolved in the (b) arFI image. The (c) plot shows the response in the region marked by the diamond with the amplitude of the arFI radiation force pulse set to zero (dotted line) and nonzero (solid line). The lack of significant tissue response in the absence of an arFI excitation pulse suggests that arFIinduced displacements observed in vascular tissue are due primarily to radiation force, rather than physiological motion. The ratio of displacements suggest a crude signal-to-noise ratio for arFI images. displacements are shown in microns.
nificantly more in response to arFI excitation than tissue contained within the raised focal plaque [36] . In this study, we were unable to differentiate presumably stiff, homogeneous plaque from vascular tissue in vivo. Both tissues appear to be stiff in the arFI image, and both displace very little, approximately 1 to 4 μm. In Fig. 8 sification of hard, calcified plaque is not as critical for the assessment of lower-limb plaque vulnerability, in which identification of a soft, thin-cap, lipid lesion may be more clinically relevant for thrombus prevention in acute lowerlimb ischemia. results using tracking-only sequencing suggest that displacements observed within vascular tissue are due primarily to the applied radiation force, rather than vascular physiological motion. The lack of observed displacement following application of a motion filter demonstrates that currently employed linear motion filters described previously are adequate for diastolic vascular imaging [32] , [53] . More aggressive motion filtering may be required to study the response during vessel systole in which significant vascular motion is encountered.
The current study has several limitations, some of which may affect the findings. The most significant is the lack of confirmation of observed in vivo findings with histology, because none of the subjects was scheduled for surgical intervention. Imaging patients scheduled for endarterectomy would allow for direct comparison between in vivo arFI imaging results and actual plaque composition. a second limitation is the PVa-c material used to simulate the wall is both linear and isotropic, and it has a modulus that is lower than the range of static circumferential moduli (120-2000 kPa) reported for arteries [54] . additionally, lipid-filled regions typically have 1/100 the modulus of vascular tissue, and so a material with a modulus lower than 20 kPa would be a more appropriate choice for a lipid-plaque model [55] . However, considering the high contrast observed between the 20 kPa plaque section and the 121 kPa wall section within the phantom, we believe that arFI imaging is fully capable of resolving a 1 to 20 kPa lipid core from a 120 to 2000 kPa wall.
several technical challenges remain before arFI imaging is realized as a clinical modality for vascular applications. For example, in our experience, popliteal arteries with distal walls superficial to 35 mm are well visualized in the arFI image, while degradation is observed in both arFI and B-mode image quality of deeper arteries. Increasing the pulse duration and lowering the frequency of the excitation-pulse may be used to increase the applied radiation force at depth, improving arFI imaging contrast and snr. However, this comes at the expense of potentially increasing tissue heating and decreasing spatial resolution, a difficult proposition for imaging millimeterorder structures. Improvements in transducer design and instrumentation may help overcome this problem.
The results presented in this paper are based on the assumption that tissue attenuation within a given roI is spatially invariant. considering that the applied radiation force is dependent on the local tissue absorption coefficient and the in situ intensity, a spatially variant absorption coefficient can reduce the uniformity of the insonified field, affecting the measured displacement. aside from the acoustic shadowing present in Fig. 8 , large variations in echogenicity are not observed laterally in tissue below the popliteal artery, a result consistent with a spatially invariant attenuation assumption. Using lower frequency excitation pulses can further decrease the impact of attenuation. Increasing the F-number of the aperture can also increase the spatial uniformity of the insonified field, at the expense of lowering acoustic intensity.
another challenge for arFI vascular imaging is that current displacement images reflect qualitative rather than quantitative differences in vascular stiffness. Patientto-patient variations of tissue attenuation and artery depth impede the utility of direct comparison of vascular displacements. More quantitative descriptions of vascular stiffness could be attained by examining the vascular response through the cardiac cycle, an approach that has shown success for imaging cardiac tissue [56] . However, further investigation into the trade-off between acoustic exposure and increased displacement information as a function of cardiac cycle would be needed. additionally, measured shear wave velocities induced by arFI could provide a more quantitative description of vascular stiffness, an approach that has shown promise for hepatic imaging [57] .
In summary, we have presented clinical and phantom results from our current investigation, demonstrating the use of arFI imaging for the assessment of lower-limb vascular disease. To our knowledge, this study represents the first in vivo presentation of lower-limb disease imaged with arFI techniques. High-resolution, high-contrast arFI images were observed both in phantoms and in vivo in the popliteal artery. Based on the results so far, we believe that arFI imaging has the potential to become a valuable tool for lower-limb arterial workup.
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